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20, Abstract

Radiafrequency (rf) discharges have been used to deposit films of tungsten, molybdenum, and

titanium slicide. As-deposited tungsten films, from tungsten hexaluonde and hydrogen source
gases, were metastalie (' -W), with sgnificant (>I atomic percent) fluorine incorporation. Film

resistivities were 40-55 d4cm due to the fl-W, but dropped to -8 A2-cm after a short heat treat-

merit at 700'C which resulted in a phase transition to a-W (bc: form). The high resistivity (>10,000

Af-cm) associated with molybdenum films deposited from molybdenum hexaflumde and hydrogen

appeared to be a result of the formation of molybdenum trifluoride in the deposited material.

Titanium silicide films formed from a discharge of titanium tetrachlotide, silane, and hydrogen, .

displayed resistivities of -150 /4-cm, due to small amounts of oxygen and chlorine incorporated

during deposition. Plasma etching studies of tungsten films with fluorinecontaining gases suggest

that the etchant species for tungsten in these discharges are fluorine atoms.
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PROBLEM STATEMENT

As sfi device caneuies shrink to les than me micron in size, an increasing hzrden is

placed upon the materials used for gates, intercomects, and contacts in MOS circuits. For the past

decade~ heavily doped pabrcrystalline silicon andlar ahumim have been the preferred materials for

these appications. However, polysilicon is a relatively high resistivity material, thereby reducing

speed, and aluminum is a low melting material, thereby limiting processing latitude. As a result,

mmition metals and tramdion metal silicides are being studied as possiuble replacements for current

interconnect techology. The fdlowing report describes an investigation of tie use of rf flow

discharg (plasmn) for the deposition of tungmsen moldtanum, and titanium siuicide films. Chrei-

cal, physical, and electrical properties of the films are reported as a function of plasma deposition

parameters. In addition, preliminary rf glow discharge etch tudies of tungsten films are presented.

INTRODUCTION

The trem dous increase in complexity of integrated circuits (IC's) over the past decade has in

large part been made possible by the continual decrease in circuit element or pattern size. As device

gemetries shrink stil further (to I m and less), increasing demans are placed upon the materials

used for in tconnectices and gates in metal-oxide-semicanductor (MOS) circuits. For instance,

these materials must possess low resistivity, talerate high (>6000C) processing temperatures, and be 'Ba..

capable of precise and reproducible pattern definition at the 1 pan level. 'B

Since the late 1960's, the material which has been most widely used for interconnect appiica-

tios is pdyrystalline silicon (1). Several reason exist for its wide utility in this regard. The process

technology required for reproducible and controllale deposition of palysilioan is weil-established and

reasonably well-understood. Also, pdysiicn is capable of withstanding high processing tempera-

tures, and can be patterned with existing etchants. Finally, thermal oddation of polysilicon is easily

performed, and the resulting oxide is an insulator with low conductivity, low pinhole density, and

excellent adhesion. Therefore, this thermal aode can be used for masking purposes during polysili- '

con etching, as well as for dielectric isolation between subsequent films deposited over polysilicon.

a ?.. . . . . . . . . . -:
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However, silicon-gate technology presents several limitati for future (and in some cases

present-day) circuits. Farst, the speed of a circuit is rlated to the sheet resistance of the intercon-

net lines. For polyslliccm of 0.4 Am thickne. and 3 pm width, sheet resistance is fairly high (usu-

ay -100 Q/ 0), and so the propagation delay is high also. Secondly, as devices are scaled to snaller

lateral dimsemiom, the vertical cdii onsm must also shrink if fine pattern sizes are to be controlably

deluieated. Thin, sheet resistance increases further, as does the propagation delay. Finally, since the

rain size of piysilican is typically -0.1/ under current process conditions, very small lines with

straight edges are difficult to achieve.

TWo approw.hes are being pursued to eliminate the disadvantages incurred in polysilicon tech-

ndoy tramiion metals and tramition metal silicides. Refractory metals such as molybdenum, tan-

talum, and tungste have been routiney deposited by sputtering (3-5), elecu -beam evaporation (5,

6), and chemical vapor deposition (7-12). Ihese films have roved useful for MOS devices because

of their low sheet resistance and small grain size. In particular, these metals are of interest for con-

tat layms, and the potential for selective depoition is mest attractive from a processing standpoint

(13). However, these metals have higher work functions than does doped polysilicon, and so thres-

hold voltages are naturally higher for unimplanted NMOS circuits. Further, a doped mide glass must

be used for dielectric isolation of the refractry metals frorn sueequently deposited conducting films,

ance thermal oxides of these refractory metals are poor dielectric and passivation layers. Finally,
I.

these metals are not, in general, resistant to chemical reagents or oxidizing atmospheres used for

device processing.

Transition metal silicides have recently generated interest for interconnection technology,

either as a single layer film or as a polycide structure (14-19). The silicides have been deposited pri-

manly by electron beam evaporation and sputtering, although CVD has also been used. Resisti-ites

of such silicides as Taxi, TiS, MoS2, and WSi 2 are in the range of 25-100 40-cm (15), Odch is a

factor of 5-10 kwer than that of heavily-doped plysiicon.

In addition to the low resistivities and small grain sizes displayed by certain metal sihcides,

these materials also offer soine advantages over refractory metals. For instance, midauion of the sili-

I% o "4 . e . . . . .. 
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cides results; in a unifar, adherent film of silicon dioxide (15, 20-23). Further, the silicides are rela-

tively mat to nannal chemical reats used for IC processing.

Most of the puibised work an metal silicides has been carried amt on the discilidies. Ho~wever,

unqeproperties (resistivity, sumes, oxidation rate, work functiom, etc.) may be imparted to these

materials if the metal to silicon ratio is varid, and selcted imp:nmties are incorporated into the

films. Indeed, Murarka (15, 20) has shown that the stresa of titanium silicide and tantalinn silicide

films vades with conmposition for co-sputtered layers.

Plasma-hanced chemical vapor depostion (PECVD) has been shown to be an extremnely use-

ful technique for the deposition of inorganic dielectric and semiconiductor films for integrated circuit

and solar cell applicatin. However, little work has been pAblshed on PECVD of metal and metal

silicide filim Our studies on PECVD tungsten (23-27) have indicated that relativel low resistivity,

unique (mnetastalte) metal films can be formed by PECVD. Further, a few publications on PECVD

d metal silicide layers have shown the feasiilty ci such materials (28-33). Clearly, PECVD offers

the potential to systematically vary the important chemical, pysical, and electrical properties of
r

tranition metal silicide films, and shoul afford excellent step coverage for these layers.

This report sunmizes amr work to date on the processing of transition metal and transitiont

metal sulicide films by plasmna techniques. Althou& much of this effort has been devted to

PECVD, sm preliminary studies; on metal etching have also been performed.

RESEARCH RESULTS

Tungsten

Film Depwition

A raial flow parallel plate plan=a reactor (described previously (23)) was used for the deposi-

tion of tungsten and mdlybdentum films. Unless otherwise indicated, the following "standaid" depo-
1,

sition conditions were used for the tungsten studies described below-. T -350'C, P =200 mTorr,

power =0.06 W/cm2, H,/WF6 =3, and f 4.5 Wiz.
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Over the temperature range of 200*-400°C, the unsten deposition rate folows an Arh lus

D. R. (nm/mi) = 101 p (-0.16 eV/kT)

The effective activation energy for the PECVD process (0.16 eWatom) is distinctly different from

the F, for atmoaeric pressure CVD tungsten (0.69 eVlaom) (34) and from that for LPCVD

tugtn(0.71 eV/atin) (13). Thse results indicate that the rate-limiting step in CVD is differemt

from that in PECVD. Such observations are quite reasonable, since in atm eric CVD and in

LPCVD, the rate-limiting step appears to be hydrogen dissociation on the substrate surface (13, 34).

However, in a glow discharge, hydrogen atoms are already present for reuactin with WF, species.

Mwe specific suluorides geerated via dectron impact colision depend on the electron energy.

Mass spectrometer studies have demontmted that with 20 eV electrons, the primary fragmet of P

WF6 is WF, with the concentration of WFt lowe by a factor of 4. When 50 eV electrom are

used, sublr s down to WF+ am dmerved, although the primary fragment is still WF +. Since: the

arage electron enrgy in rf glow discharges used for deposition or etching is several electron volts

and me few elctrcns in such plasmas possess energies in excess of 30 eV, the rincipal fragment

in WF6 glow discharges is apparendy WF. Indeed, WF5 appears to be the important intermediate in

CVD of tungsten from WF6 (35).

Dissociation f WF to generate fluorin atoms results in a limitation in the use of the glow

discharge technique for tungsten depcation in VLSI. It is weft-known that fluorine atoms etch both

Si and SiO 2 . The etch rates can be expressed by (36, 37):

RF(Si) = 2.91 x 10- 1 3 I"1 / 2 nF exp (-0.108 eV/ kT)

RF= (SiOQ) 8.97 x 10-1 r4 2 nF exp (-0.163 eV/ kT)

where R is the fluorine atom etch rate in nm/min, T the temperature in *K, nF the fluorine atom

density in cm -3 , and k is Botzmann's constant. At room temperature (300"K), the etch rates for nF

- 1015cm-3 are therefore RF(Si) = 77 nm/ruin and RF(SiO 2) Z 3 un/min. However, at a typical

tungsten deposition temperature of 350'C, RF (Si), = 968 nm/min and RF(SiO,) = 106 n/min. In

' '.,...'.'.. ... :-' . ..... : -. .'v .-x w *-. .--.* \*.".." - 5*" ." . * . :... .-. -.. ". .. - .....- .-..--.....-... .



addition, the etch rates are accelerated in the plasma atizncee. This means that substantial etch-

ing of exposed Si or Si0 2 may occur during the initial stages of PECVD. Indeed, over 70 rn of SiOz

have been removed during the typical deposition cyle of PECVD tungten.

Under the proper substrate surface preparation and CVD comditims, tungste can be deposited

selectively on S but not on neighboring cmdde regions (38). Preliminary studies, have niot identified

simla conditions in the PECVD process. In fact, selective deposition may not he possible in paral-

Il plate FECVD reactors due to ion bmlbrdment, which can create surface damage and thus

adsorplim sites on S0z.

In order to determine the ccrmality of PECVD tunsten films over silicon steps. RIE was

used to form 1.8 pm and 0.2 Am step in single crystal and polycrytalline silicon films, respectively.

Tumgten films 300 amn thick were then deposited by PECVD over the steps, the samples cleaved,

ad the cross-sections examined by SEM (24). In both cases, camplete cartformality by the thin films

was obtained

Sbucture

Scanning electron microscope (SEM) studies of cro sections PECVD tungsten films indicate -

that the films are cdumnar, consistent with tungsten films deposited by other techniques (39). SEM

investigtions show that the grain size of 200 mn-thick FECVD films deposited between 200 and

400"C, is in the range of 20-40 am. Subsequent heat treatments for 30 mi. in N2 !I H 2 atnosphieres

at a temperature of 9000C results in grain growth, with the average grain size in the range

60-70 am.

As indicated in our previous report, and in Ref. (26), forming gas (10% H490% N,) heat

treatments of as-deposited tungsten films above 500*C significandy reduce the resistivity (from 50 to

13 AO-cm at 650"C). The activation energy for this resistivity change is --0.75 eV/mdec, which is

aimil to the reported (40) activation energy for the surface diffusion of tungsten on tungsten (-0.8

eV/aton). X-ray diffraction studies (Fig. 1) have identified the as-deposated PEC'VD material as

8-W, a metastable phase with an A15 or A3B crystal structure (27). To our knowledge, this is the

first report of a meastable elemental phase formed by PECVD. The metastable material is
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converted into the stable, lower resistivity bcc form upon heat treatments above 6000C, thus

accnmting for the drop in resistivity described above.

Preliminary XPS (FSCA) studies indicate that as-deposited PECVD tungsten films contain

between 1.5 and 1.2 atom perc fluorine, and that the concentration drops to 0.5% upom forming

gas heat treatments at 65(Cc or above, as shown in Fig. 2. Thus, it appears that the presence of

fluorine asists the stabilization of the metastable pbase, simila to that observed for oxygen impuri-

ties in spattered P-W (41). Outdiffusim of fluorine occurs during heat treatment, thereby permitting

the phase transformation. In contrast, tungsten depostion in the reactor without ignition of the

discharge results in the formation of only a-W (the stalie bcc form) indicating the importance of the

plasma atmosphere in nucleation of the metastable hae

P asM Etching

PECVD tungsten films were etched in glow discharges containing CF or SF6 (42). The reactor

utilized was the one in which the tungsten depositions were performed (23). Snce no cooling capa-

bilities were available in this reactor, the minimum electrode temperature used for the etching stu-

dies was 6WC. This temperature allowed etch times greater than 15 min. to be used without a

detectable increase in electrode temperature. In order to separately evaluate the effect of various

pFasma parameters on tungsten etch rates and fluorim atom densities, a set of standard etch condi-

tions was established: 0.2 W/cm2 at 4.5 MHz, 200 mTorr pressure, 60*C electrode temperature, and

a total flow rate of 75 scrn. Optical emission studies were performed with a plasma-Therm PSS-2

system. Relative fluorine atom densities were determined by using argon (2% of the feed gas) as a

tracer or "actinometer," and recording emission intensities of Ar (750.4 am) and F (703.7 nm) as a

function of paSMa parameters (43). No change in F atom emission intensity was oberved for Ar

addition up to 40.

The etch depth of tungsten films in SFdO2 plasmas increases linearly with etch time. Further,

when this linear relationship is extrapolated, the line passes through the origin, indicating that no

initiation period or lag time exists at the start of tungsten etching. This result is consisted with the

fact that the etch product (WF6) is thermodynarnically more stable than the oxides (WO2, W0 3,

%..
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W2o5) and that tungsten axyfhrides are volatile.

Anbenius plats of the etch rate of tungsten in 90% SF61D% 02 and in 90% CF4I10% 02 Aas-

ms are shown in Fig. 3. Mm apparnat activation energ for both etcha gases is 0.2 eV/md. These

results suest that the active etchant species (F) and the reaction mechnsm may be the same for

both etch gases. Optical ezasmon studies indicate that the higher etch rates observed with SF6 over

CF plasmas are due to higher F atom concenatzions in SF6 discharges.

The effect of ayae additiom to CF4 on the relative fluine atom density as determined by

actinometry, and on the tungsten etch rate is shown in Fig. 4. Although both fluorine atom density

and etch rate go through a maximum, the peak etch rate does not coincide with the maxium

fluorine atom dersity. Such trends are identical to those observed in CFSOQ plasma etching of sili-

con (44, 45). These results also substantiate the claim that F atoms are the primary etchant for

tungsten in CFT/O discharges. As in the case of S etching (44), arygen additions to CF4 enhance

the production d F atoms and reduce C-containing residues, thereby increasing the tungsten etch

rate. Further, since F and 0 atoms compete for surface adsorption sites, a noan-coincidence of the

tungsten etch rate and the maximum F atom concentration results, exactly analogous to that

observed in silicon etching (44).

Simil F atom density results to those observed in CFO discharges are noted fcr SFdO2

plasm, as shown in Fig. 5. However, the maximum etch rate occurs with a pure SF discharge, in

agrent with results reported for reactive ion etching of tungsten (46). In coatrast, the maximum

F atom density, which is four times higher than in a pure SF discharge, occurs at 30% oxygen.

Cearly, competitive adsrxion between 0 and F atoms cannot explain the maximum etch rate at

such low 0 atom cocentrations. Since the primary free radicals generated in SF6 plasmas are

apparently SF5 and SF3 (47), these species can diffuse to the tungsten surface, where they may

undergo dissociative chemisorption to form F, SF4 and SF2. These processes can thereby supply addi-

tional F atoms to the etching surface most efficiently. Of course, if this process is operative, an

alteration of etch mechanism would occur. Indeed, the apparent activation energy for tungsten etch-

ing in a pure SF6 discharge drops by a factor of 3 (to 0.U7 eV/moi) compared to SFVOv.

.....,.
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Hydroge addition to CF4 and SF6 plasina result in a scavenging of F atoms, thus decreasing

the overa etch rate, and generating resdues of carI or sulfur. However, Auger results suggst

that sulfur is emily sputtered from the wafer dunng etching in SF6 phamas at the slightly elevated

temperatures ued her.

When f power is increased from lOW to 15OW, the F atom density and thus the etch rate in

CFSO2 and in SF6/O diSdhares increases. Naturaly, the etch rates are higher in SF6 plasmas due to

the highe F .m dcenity relative to CF 4 discharges.

The etch rate and the relative F atom denity in CF 1 02 plasmas both incra linearly with

iressure in the range 100-500 mTcxr. Unlike CF/0 2, the etch rate and mlaive F atom demity in

SFG/ 2 discharges initially increase with pressure and exhibit a maximum at 200 mTorr. Above this 6

pressure, bath etch rate aad F atom density decreas as the pressure increases. Actinometry results

sUest that the dectrm energy in SF6 discharges is more sesitive to pressure variatin than in CF

plasmas. The effciency of editation in SF6 discharges decreases much faster with pressure than in

CF4 discharges, so that fewer F ato are generated at high (> 200 roTor) pressures, rmsuling in a

drop in etch rate.

Molybdenum

As described in our last report (July, 1962), we have depmited molybdenum films m an if

discharge of MoF 6 and H2 (flow ratio grae than 6 H2/MF6) above 200*C electrode te.peratui

(24). The purity of these flm is low, with the major contaminmt being fluorine; thus the resistivity

is high. -15,000 n-cm. Recent XPS studies have indicated that MaF3 may be incorporated into

these films. Indeed, MoF3 is a stable solid that is not reduced by hydrogen or disproportioned into

ower subflucrides below 400'C (48). Further, these conclusions are consistent with reported results

od CVD molybdenum films when MoF 6 is used as a reactant (49).

7Tanium Silicide %

In order to prepare for transition metal slicide deposition by PECVD, we reconfigured the

upper (hollow) electrode in our deposition system. The electrode was divided into compartments so

C 1C.
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that the two reactants (silane and a trnsition metal halide) introdued through the electrode did not

con into contact until they entered the intcrelectrode gap ad th the discharge. Such precautions

we necesary became o the high reactivity between mlan and many transition metal halides.

Parametric studies were conducted an the deposition at TRl. from "lQC4 , S1 4 and H2 (flow

ratio of 1"2:70) at a power density of 1.2 Wlcm2. Although an increase in deposition rate from ,

-3 nm/min at 2.. 0C to -60 nin/min at 430*C was observed, the total pressure and rf frequency

had the largest effect on deposition rate. For instance, below a total lresire of 0.8 Torr, the depcni-

tion rate was less than 1.5 nim/rin. As the pressure was increased fron 0.9 to 1.7 Tcrt, the deposi-

tion rate increased ahnot linearly from 2.2 to 9.4 n/amn; similarly, as the rf frequency was

increased fron 2 to 13.56 MIHz, the deposition rate increased essentialy linearly from 3.9 to 17.1

nm/mi. However, becase an increase in presir= and frequency results in lower electron energies

md ion bombardment nergies, it is espected that a conaderale amnmt of chlorine would be incoar-

pirated into the deposited films. Indeed, at pressures above 1.5 Torr, and frequencies above 6

MHz, an increase in as-deposited resistivity was oserved. Thus, from oux results, it appears that

the best conpronise far the deposition of TtSi. films occued indr the fllowing conditions: 1.5

Tort, 1.2 W/cm2 , 4300C, 3 MHz, and flow ratios of 0.6 sccm TiCI,, 1.2 sccn Si0 4, and 40 sccm

H2-. Under these conditions, films with as-deposited sheet resastivities between 9 and 11 Q/3 were

formed. This represents a factor of two improvement over previous reportes of PECVD TSi1 (30).

In the hopes of lowering the sheet resistivity to less than 1 Q/3 (near bulk resistivity), anneals

in N2/ H 2 at temperatures of 65(0C or above were performed. Uortunately, 2-4 Q/m was the

lowest sheet resistivity attainalie. Auger depth profiles indicated that oxygen was incorporated at the

interface between the silicon substrate and the TIS film Although this did not significantly affect

the as-deposited resistivity, anneal cycles above 600"C caused a diffusion of oxygen into the bulk of

the film and limited the minimum resistivity to -3 D/0. Such results indicate that it is possible to

depoit reasonable quality TiS,, films via PECVD only if an improved vacuum system is imple-

mnted so that oxygen is totally ecluded. A possible altemative might be to sandwich the TiSi

between two layms of polysilicon as reported in a previous study (30).
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Auger and RBS studies have damonstrated that the as-deposited SM ratio is 1.2; this value

changes to 2 whu anneals above 650C were perfrm d. In addition, the surface of the niS. film

became extreely rough, as evidenced by SEM investipaim. We believe that the rougess

occutred became of dects or weak spots in the natiw SO lrsnt on the slicon siface. Such

defects permit localzed diffusion of silicon into the TMI2 film, thereby forming TiSi2 from en-

dally a "pont source." This created large 2 growths and thus a rouo surface.

The sucture of PECVD T,, ilm was investigated by X-ray diffraction techniques As-

dqxsited at 4300C, the flnm wee largely amorths, athoush a wal peak cor xfamding to the

(311) oraitation of TfI2 was observed. Upon annealing at 00C ian mtrog, this peak sharpened

and grew in int-sity. In addition, a peak assigned to the (313) orieation af lT.S appeared. A

9000C ritroge atoml increased the intmizty of this peak and mo her peak, due to the (004) onen-

tatim, appeared. No diffration peaks due to TS, Tis-%, Cr tiW, licide Were detected. Further,

no titanium omde peaks were servd. Such results ar ca=tem with trends reported for the

amaling titanium films evaporated onto silicon substrates.

As-depted "ISi, film stress levels were detenmined by tneasuring the bowing of a film dqpo-

sited onto glass cover slips using a metalurgical microcope. Toe ptramtems that most affected the

stress type and level were the deposition temperature and eaxcitation frequency. Below 4000C, the

compressive stress of the ilm increased as the temperature dropped. Above 400'C, the temale stress

increased with increasing temperature. Such results may be a friction o amygen uxpraon at the

lower temperature (thus generating compressve stress) and a prepmderance of thermal induced

stress (yielding tensile stress) as the deposition temperature was increased. As the excitation fre-

qu ncy was decreased from 8 MHz to I MH-Ez, the tensile stress level increased. Above -9 MNi-z,

the stress became compressive. At present, it is unclear why such trends were o erved. We expect

that the stress level and type were established by ion bombardment flux and energy, but the trends

are reversed from those reported for PECVD silicon nitride as a function of frequency.

,.#
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